A BSTRA CT Vitamin A circulates in human plasma as retinol bound to a specific transport protein. This protein differs from the known low and high density plasma lipoproteins and has a hydrated density greater than 1.21. In order to study this protein, volunteers were injected intravenously with retinol-15-14C. Plasma was collected 1-3 days later, and the purification of retinol-binding protein (RBP) was monitored by assaying for 14C and also by following the fluorescence of the proteinbound retinol. Purification of RBP was effected by the sequence: Cohn fractionation, chromatography on columns of Sephadex G-200 and diethylaminoethyl (DEAE)-Sephadex, preparative polyacrylamide gel electrophoresis, and finally chromatography on Sephadex G-100. These procedures resulted in a preparation of RBP which was at least 98%o pure and which had been purified more than 1500-fold. Purified RBP has al mobility on electrophoresis and has a molecular weight of approximately 21,000-22,000. There appears to be one binding site for retinol per molecule of RBP. 
INTRODUCTION
It is well established that vitamin A mainly circulates in plasma as retinol (vitamin A alcohol), apparently associated with a transport protein of hydrated density greater than 1.21 (1) (2) (3) . This protein differs from serum albumin in man (1) and has been reported to have a, mobility (2) or acrylamide gel electrophoresis were performed in 7% acrylamide gel without a concentrating gel, with a continuous buffer system of Tris-glycine-HCl, pH 8.1, under conditions similar to those described by Nerenberg (8) .
Analytical disc gel electrophoresis employed a current 1 Pharmacia Fine Chemicals, Inc., Piscataway, N. J. of 1 mamp per tube at room temperature and was terminated just when the tracking dye ran out of the gel. For preparative purposes, the Buchler2 "polyprep" apparatus was used in a manner similar to that described by Jovin, Chrambach, and Naughton (9) . The prepared gel column, about 9.5 cm high, was prerun for 1 hr at 30 mamps before the sample was applied. In the usual procedure, carried out at 2°-5°C, a sample of 30-60 mg of protein was dissolved in 4.5 ml of upper buffer, 0.5 ml of 40% sucrose solution was added, and the mixed sample was then applied to the top of the gel. Electrophoresis was begun at a current of 15-20 mamps. After 30 min the current was adjusted to 30-35 mamps and was maintained at this level until the voltage reached 500 volts, after which time electrophoresis was continued at a constant voltage of 500 volts. The elution rate was 30-40 ml/hr. The complete procedure usually required 8-10 hr time. During gel electrophoresis the effluent stream was monitored continuously for absorption of light at wavelength 280 m,.3 The effluent stream from most column chromatographic runs was similarly monitored.
Paper electrophoresis was performed in glycine-acetate buffer, pH 8.6, ionic strength 0.15 (10) . Zone electrophoresis on Pevikon was kindly performed by Dr. Jane H. Morse, with barbital buffer, pH 8.6, ionic strength 0.1 (11) . At the end of electrophoresis, 1 cm strips of Pevikon were collected and eluted. The eluates were analyzed for protein and for 'C (after CHC13-CH30H extraction).
Analytical ultracentrifugation. Sedimentation equilibrium and velocity analyses were kindly carried out by Dr. Herbert S. Rosenkranz in a Spinco model E ultracentrifuge. The molecular weight of RBP was estimated by the sedimentation equilibrium (Archibald) method as described by Schachman (12) . Analyses were carried out on a solution of 10 mg of RBP per ml in 0.05 M potassium phosphate buffer, pH 7.2. Centrifugation was conducted at 10 .6°C at two speeds (9341 and 15,220 rpm), and photographs were taken with Schlieren optics. Photographs taken at each speed at bar angles of 70 and of 80°were measured in a microcomparator, together with photographs taken from a run in a synthetic boundary cell. Calculations were made only from the measurements at the top of the cell, since some denaturation apparently occurred at the oil-water interface at the bottom of the cell. The molecular weight was calculated as described by Schachman (12) , using an assumed value of 0.75 as an estimate for the term Vp. This value is close to the value of Vp (0.73) which can be calculated from the amino acid composition, the partial molal volume for each amino acid, and the measured density of the solution. It is hence felt that the assumed value for Vp did not introduce any major error in the estimation of the molecular weight. It should, however, be noted that the calculated molecular weight is only an approximate estimate, because of the uncertainty in the value of Vp.
Sedimentation velocity studies were carried out on a solution of 1 mg/ml in the same buffer, using ultraviolet absorption optics. The sedimentation coefficient was calculated for a solution of this protein concentration in water at 20'C (Sio,,v).
Amino acid analysis. The amino acid composition of RBP was kindly determined by Dr. Robert E. Canfield. Equal-sized portions (about 0.5 mg each) of RBP were each dissolved in 1 ml of constant boiling HC1 and hydrolyzed in evacuated sealed tubes kept at 1080 ± 10C for 24, 48, or 72 hr. The HC1 was removed by evaporation in vacuo over KOH. Amino acid analyses were performed by the method of Spackman, Stein, and Moore (13) on a Spinco Model 120B amino acid analyzer. No attempts were made to determine the M cystine content after oxidation or reduction and alkylation of RBP.
The tryptophane content of RBP was estimated by determining the ratio of tyrosine to tryptophane by the method of Goodwin and Morton (14) . m;& and the ratio of tyrosine to tryptophane then calculated as described (14) .
Other procedures. Double diffusion in gel was performed by the method of Ouchterlony (15) , with gels made of 0.7% agar in Na barbiturate-glycine buffer, pH 7.6.
Cohn fractionation was carried out according to method 10 of Cohn et al. (16) . In early studies, whole plasma (ACD anticoagulant) was used for Cohn fractionation. In later work, fibrinogen (Cohn Fraction I) was first removed from the plasma by addition of 3 U of bovine thrombin' per ml of plasma. The plasma was incubated for 2 hr at room temperature with stirring and the insoluble fibrin removed by filtration.
The distribution of retinol among the different plasma lipoproteins was determined on a sample of plasma collected from a subject 27 days after the intravenous injection of retinol-1'C. It was assumed that considerable equilibration would have occurred by this time between the injected labeled retinol and the body pools of vitamin A. A portion of the plasma was extracted and the lipid extract chromatographed on deactivated alumina (6) . Almost all (94%o) of the 14C applied to the column was recovered after chromatography; 88%o of the recovered radioactivity was found in the retinol fraction. These results are virtually identical with those obtained in our laboratory for the extraction and chromatography of pure retinol, and establish that the 'C in plasma was present in retinol. Another portion of the plasma was separated into lipoprotein classes of density less than 1.063, between 1.063 and 1.21, and greater than 1.21, by the method of Havel, Eder, and Bragdon (17) . 4 Parke Davis & Company, Detroit, Mich.
The lipoprotein fractions were not washed by recentrifugation. Each of the fractions was extracted, and the lipid extracts were chromatographed on alumina. The retinol fractions were collected and assayed for radioactivity.
Protein concentrations were determined by the method of Lowry, Rosebrough, Farr, and Randall (18) , with crystalline bovine serum albumin as a standard.
Radioassay was carried out by dissolving samples in 15 ml of 0.5% diphenyloxazole in toluene, followed by assay with a Packard Tri-Carb liquid scintillation counter. Significant quenching was not observed.
Absorption spectra and absorbances were usually measured with a Beckman DB spectrophotometer. In some instances spectra were recorded with a Cary model 14 spectrophotometer.
The content of retinol in purified RBP preparations was determined by extracting 1 ml of RBP solution, together with 1 ml of freshly drawn plasma, with 20 volumes of CHCI3-CHsOH (2: 1) in the usual way.
After evaporation of the chloroform, the lipid residue was chromatographed on 2 g of deactivated alumina (6); the retinol fraction was evaporated to dryness and the residue dissolved in 1 ml of benzene. The benzene solution was then analyzed spectrophotometrically. Control samples of 1 ml of plasma alone were processed in the same manner and the ultraviolet absorption of the corresponding column fraction subtracted from that of the RBP sample. The plasma was added before extraction in order to protect the retinol against oxidative loss during the procedure. For a series of eight standard samples, in which small measured amounts of retinol (not RBP) were added to the CHCI3-CH8OH extracts, the recovery of retinol (assayed spectrophotometrically) was 89.9 ± 1.7% (mean ± SEM). In the absence of added plasma, the recovery was less than 80% and was quite variable.
A purified RBP preparation was analyzed for its possible content of free fatty acids and fatty acyl chains. Duplicate 1 ml samples, each containing 1.1 mg of the RBP preparation (see Results), were extracted with CHC1-CH30H containing 5 ,ug of heptadecanoic acid (to serve as an internal standard). The lipid extract was evaporated, the residue methylated, and gas-liquid chromatography of the fatty acid methyl esters carried out, as described previously (19) . Standard samples of distilled water plus 5 or 10 ug of lysolecithin or free fatty acids (FFA) were carried through the same procedure at the same time. With these standard samples the added lipid was clearly and quantitatively detected.
Materials. Retinol-15-14C was the generous gift of Hoffmann-La Roche, Inc. of Basel, Switzerland. Unlabeled retinol was purchased from Eastman Kodak Chemicals, Rochester, N. Y. Antisera were obtained from Behringwerke A.G.5 The purity of the commercial antisera was not tested. Proteins of known molecular weight were obtained as a "molecular weight marker kit." 6 RESULTS Lipoprotein distribution. The distribution of retinol-14C among different plasma lipoproteins was determined as described above. Of the recovered retinol-14C, 90% was found in the protein fraction with density greater than 1.21, 67o was found in the high density (d 1.063-1.21) lipoprotein fraction, and 4%o in the low density (d less than 1.063) lipoprotein fraction. These findings confirm previous observations (1) that vitamin A circulates in human plasma as retinol mainly in association with proteins of density greater than 1.21.
Cohn fractionation. The results of Cohn fractionation are shown in Table I . Three-fourths of the plasma retinol, as indicated both by 14C assay and by spectrophotometric assay for retinol, was recovered in Cohn Fraction I + III. All of this retinol was present in Cohn Fraction III, since removal of fibrinogen (fraction I) by addition of thrombin removed none of the 14C, and none of the retinol, from plasma.
Column chromatography. Chromatography of Cohn Fraction I + III (derived from plasma containing retinol-14C) on a large column of Sephadex G-200 ( Fig. 1 ) resulted in the recovery of more than 90%o of the applied 14C in the total eluate from the column. More than 80%o of the recovered 14C was eluted in a peak which appeared after the elution of the major protein peaks from the column (Fig. 1, top) . The elution volume of this peak was close to that expected for serum albumin. All of the visible (green) fluorescence was eluted in the corresponding portion of the column effluent ( Fig. 2 ). In the experiment shown in Fig. 2, 98% of the 14C applied to the column was recovered in a single, sharp peak which was eluted after the peak of serum albumin and ceruloplasmin. The column fractions comprising the "Ccontaining peak were strongly fluorescent. These fractions were combined and the protein rechromatographed on a smaller column of DEAESephadex (see Fig. 3 ). This resulted in the elution of a single sharp peak of fluorescence, of protein, and of radioactivity. In the experiment shown in Fig. 3 , 93% of the 14C applied to the column was recovered from the column, and of this 97%o was recovered in the single peak shown. The fractions comprising this peak (fractions 42-52 in Fig. 3 Plasma (1700 ml from six donors, one of whom had been injected with retinol-P'C) was subjected to Cohn fractionation and gel filtration on Sephadex G-200. The radioactive, fluorescent fractions from the G-200 column were pooled and the protein precipitated with ammonium sulfate to 90% saturation. The precipitate was dissolved in Na phosphate buffer, 0.02 mole/liter, pH 7.6, and dialyzed against this buffer for several hours. The entire sample (volume 110 ml) was then applied to a column of DEAE-Sephadex, 2.7 cm (I.D.) X 58 cm (bed volume 330 ml) packed with about 15 g of DEAE-Sephadex which had been extensively washed with the above phosphate buffer. Elution was carried out with 0.02 M Na phosphate buffer, pH 7.6, with a linear gradient of NaCl from 0 to 0.6 mole/liter. Fractions of 20 ml each were collected at a flow rate of 25-40 ml/hr. The fractions were assayed for protein by absorbance at 280 myA (solid curve), and small portions were extracted and assayed for 14C (broken curve). It was estimated that the radioactive peak (fractions 74-81) was eluted at a NaCl concentration of 0.35-0.4 mole/liter. The relatively large protein peak in the center of the figure (fractions 55-60) consisted of serum albumin, some of which had not been removed during Cohn paper strip, consistent with the conclusion that it represented the occurrence of some smearing of protein during paper electrophoresis. Zone electrophoresis was carried out with 8 ml of whole plasma, drawn from the first subject 35 days after he had been injected with retinol-14C. of the 14C applied to the Pevikon block was recovered in the albumin-a-protein area. The position of the peak of radioactivity was slightly behind (cathodal to) the major protein peak (of serum albumin), and this position corresponded to that expected for a,-proteins in this system. These studies therefore demonstrated that, in three different kinds of electrophoretic systems, plasma retinol was found in association with a protein of a, mobility. This was true both for whole plasma and for the approximately 650-fold purified D preparation, and was indicated both by fluorescence observations and by 14C assay for retinol.
Fig . 6 shows the ultraviolet absorption spectrum of the D preparation (dashed curve). The spectrum had a peak at 330 mp, as well as the usual protein absorption peak near 280 mju. Since retinol itself in solution in organic solvents (e.g., benzene, hexane) has its peak of absorbance at or NaCl from 0 to 0.44 mole/liter (using a constant volume mixing chamber of 250 ml). The elution rate was 20-25 ml/hr, and fractions of 6.3 ml each were collected. protein is capable of reassociating with added retinol. The details of these methods, together with the results of experiments carried out with these methods, will be reported in a subsequent communication.
Preparative polyacrylamide gel electrophoresis. Further purification of RBP was effected by preparative polyacrylamide gel electrophoresis (see Fig. 7 ). In the experiment shown in Fig. 7 the elution of protein, and of protein-bound retinol, were determined, respectively, by monitoring the eluate for ultraviolet absorption at 280 mp and at 330 mMA. Two major, and well-separated, peaks of protein were obtained after electrophoresis. The first peak consisted of prealbumin (as determined by disc gel electrophoresis). The second (a,)
protein peak contained 44% of the recovered protein (280 mp absorption) and 93%b of the recovered retinol (330 mp absorption). All of the visible (green) fluorescence was found in the fractions comprising the second peak. In this experiment the total recovery of applied material, in the entire effluent from the gel, was 98%o for protein (280 mp absorption) and 89% for retinol (330 mp absorption).
The D preparation derived from the experiment shown in Fig. 3 was subjected to preparative gel electrophoresis in three batches. The average recovery of applied 14C in the second (a,) peak was 77%o; virtually all of the 14C recovered in the total effluent was found in this peak.
The fractions comprising the second electro- phoretic peak (180-290 ml effluent volume in Fig.  7 ) were pooled and the protein then chromatographed on a column of Sephadex G-100 (see Fig. 8 ). The major peak obtained after chromatography contained all of the visible fluorescence and almost all of the protein-bound retinol (as monitored by 330 mu absorbance). The fractions comprising this peak (fractions [16] [17] [18] [19] in Fig. 8) were pooled, and the resulting protein preparation was designated RBP. The extent of purification of retinol-binding protein during preparative gel electrophoresis and subsequent Sephadex G-100 chromatography was estimated from the observed ratios of absorbance (330 mu/280 mju) in each preparation. For the experiments shown in Figs. 7 and 8, this absorbance ratio was 0.35 for the D preparation, 0.65 for the second peak (pooled fractions) after gel electrophoresis, and 0.80 for the RBP preparation. It was thus estimated that retinol-binding protein was 2.3-fold purified in the RBP preparation, as compared to the D preparation, and that the RBP preparation contained retinol-binding protein purified approximately 1500-fold, compared to whole plasma. These estimates of purification are minimal estimates, since retinol is an unstable molecule, and since small amounts of protein-bound retinol are lost during the handling involved in each purification procedure.
RBP: separation of two components. Analysis of the RBP preparation by disc gel electrophoresis revealed the presence of two close bands with a1 FIGuRE 7 Preparative polyacrylamide gel electrophoresis of the D preparation. The gel column was 9.5 cm high (about 120 ml, volume). Fractions of 12 ml (0-180 ml and beyond 290 ml, effluent volume) or of 7 ml (180-290 ml, effluent volume) were collected. 450 EFFLUENT VOLUME (ML) Vitamin A Transport in Human Plasma 2033 mobility (Fig. 4, right) . The more slowly migrating and major band (the upper band in Fig. 4 , right) was strongly fluorescent (before staining for protein). The RBP preparation was subjected to preparative polyacrylamide gel electrophoresis, in order to try to separate and isolate each of the two a,-protein bands. As shown in Fig. 9 , this procedure substantially separated the two bands, with the smaller, more anodal band (Fig. 4) being eluted first, as a small peak, followed by a much larger, strongly fluorescent peak, corresponding to the upper band in Fig. 4 . The protein-bound retinol (330 m/u absorbance and fluorescence) was associated with the major peak (upper band, Fig. 4) .
The pooled fractions comprising the second (major and fluorescent) peak from three runs such as that shown in Fig. 9 were combined and chromatographed on a small column of DEAESephadex. A single major peak was obtained.
The fractions comprising this peak were dialyzed against water and then lyophilized. The resulting preparation was designated RBPh. The fractions comprising the first peak from the same three runs were similarly treated to produce a preparation designated RBPa. The absorbance ratio (330 mu/ 280 mib) of the RBPh preparation was 0.95. The highest absorbance ratio observed on any of the fractions at the center of the RBPh peak, during the three electrophoretic runs, was 1.05.
Analysis of the RBPh and RBPa preparations by disc gel electrophoresis (Fig. 10) Table II ). In addition, the two a,-proteins had identical mobilities on columns of Sephadex G-100 and of (see be-(mean ± SD). The molecular weight of RBP was indicated also estimated by chromatography of a portion of o histidine the RBP preparation on a standardized column of f residues Sephadex G-100 (Fig. 11, solid column of Table II (and including the four tryptophane residues estimated to be present per molecule) it was calculated that the molecular weight should be in the range of 21,600-22,600. Since the results of the different methods for estimating the molecular weight of RBP agreed quite well, it seems fairly secure that RBP has a molecular weight of approximately 21,000-22,000. RBP: spectral studies; retinol content. The absorption spectrum of the RBPh preparation is shown in Fig. 6 , solid curve. The spectrum had two peaks, of nearly equal height.
The retinol content of the RBP preparation was determined by extraction and chromatography of 1 ml of a solution of RBP with a peak absorbance was added to each sample before chromatography, in order to determine the void volume (Vo). After chromatography, the effluent volume (V.) corresponding to the center of the peak of eluted protein was measured, and the values of V./Vo were then plotted against the log of the molecular weight. The observed values of V./Vo for the RBP and the D preparations are indicated above by the left-hand and the right-hand arrows, respectively; the molecular weights of these preparations were then estimated as shown (20 (19.4) , the weight of protein associated with 1 pmole of retinol in RBP could be calculated.
In making this calculation we assumed that the absorbance ratio (330 mu/280 mu) for holo-RBP was 1.05 (the highest ratio observed in any of the electrophoretic fractions during preparation of RBPh). This calculation indicated that in holo-RBP 1 jumole of retinol is associated with approximately 22,600 mg of protein, i.e., with approximately 1.0 umole of RBP. This finding suggests that the RBP molecule contains one binding site for retinol, occupied by a single retinol molecule in holo-RBP. It is, of course, also possible that RBP contains binding sites for more than one molecule of retinol, but that these sites were not saturated in our purified preparation.
RBP: lipid analysis. Analysis of the RBP preparation for fatty acid and fatty acyl chains indicated that no fatty acid chains (or FFA) were present, at a level of sensitivity of the method used which would have detected easily as little as one fatty acyl chain per molecule of RBP. Analyses for other lipid moieties (e.g., cholesterol) have not as yet been carried out.
RBP: size reduction during purification. It was noted during the course of the purification sequence described above that the molecular size of the retinol-containing protein apparently decreased during polyacrylamide gel electrophoresis. This finding is illustrated by the experiment described in Fig. 12 . In this experiment, portions of the D preparation, and of the prealbumin and RBP-containing peaks obtained after gel electrophoresis of the D preparation (as in Fig. 7) , were serially chromatographed under identical conditions on the same column of Sephadex G-100. Before gel electrophoresis, the protein and the protein-bound retinol (fluorescence and 330 mu absorption) of the D preparation were eluted together in a single major peak of effluent volume of 48 ml. The position of this peak was very close to that of human serum albumin (effluent volume of 51 ml). After gel electrophoresis prealbumin was eluted at a similar effluent volume (51 ml). The RBP obtained after gel electrophoresis was, however, eluted much later, at an effluent volume of 72 ml, suggesting that it had decreased considerably in size during the procedure of gel electrophoresis.
In order to quantitate the change in size occurring during gel electrophoresis, a portion of the D preparation was chromatographed on a standardized column of Sephadex G-200 (see Fig.  11 ). The protein and the protein-bound retinol were eluted together at an effluent volume corresponding to a molecular weight of about 83,000. In contrast, as already mentioned the RBP preparation was eluted from Sephadex columns at effluent volumes corresponding to 20,000-21,000. These estimates of size assume, of course, ideal behavior during gel filtration and might be incorrect if major conformational changes occurred during the preparation of RBP from the D preparation.
RBP: interaction with prealbumin. These findings suggested that RBP normally circulates in plasma in the form of a complex which dissociates into subunits during gel electrophoresis. Experiments were therefore undertaken to define the nature of the complex present in the D preparation. In the initial experiments, preparative polyacrylamide gel electrophoresis was carried out under a variety of different conditions, in the hopes of obtaining a protein complex with a, mobility, consisting of more than one RBP subunit. These experiments were completely unsuccessful; under all conditions tested RBP preparations with similar properties were obtained.
The nature of the complex present in the D preparation was finally defined by the experiment illustrated in Fig. 13 . Purified prealbumin and RBP, both obtained by gel electrophoresis of the D preparation, were mixed together to form three different solutions, with different ratios of prealbumin to RBP.7 The three solutions were then serially chromatographed on the same column of Sephadex G-100. As shown in the top panel of 7 Separate studies of the interaction of prealbumin with RBPh and RBP. were not carried out because of the limited amount of protein available in these preparations. Fig. 13 , when the ratio of prealbumin to RBP was slightly higher than that present in the D preparation, the two proteins chromatographed together on the Sephadex column and were eluted at an effluent volume of about 96 ml, corresponding to a molecular weight in the range of 85,000 (similar to that seen with the D preparation). In contrast, if RBP had been chromatographed alone on this column it would have been eluted much later, at an effluent volume of about 140 ml (corresponding to its molecular weight of about 21,000). This experiment therefore demonstrated the formation of a complex between prealbumin and RBP. 
BEFORE (HSA)
The capacity of prealbumin for complex formation with RBP seems to be quite limited. Thus, when the relative amount of RBP in the mixture was increased progressively (middle and bottom panels of Fig. 13 ), the prealbumin apparently became saturated with RBP, and the excess, uncomplexed RBP was then eluted at an effluent volume characteristic of purified RBP alone. Since the ratio of prealbumin to RBP in the D preparation lies between the ratios of the solutions shown in the top and middle panels of Fig. 13, it Retinol -is a 20-carbon alcohol which resembles cholesterol in many of its physicochemical properties. Cholesterol and other lipids (except for FFA [23] and. lysolecithin [24] ) circulate in plasma mainly as part of plasma lipoprotein molecules with hydrated densities of less than 1.21 (25) . Small amounts of plasma cholesterol (and other lipids) are also found in association with very high density lipoproteins, of density greater than 1.21 (26) . On a priori grounds, one might expect the lipid alcohol retinol also to circulate in plasma in association with one or more of the known plasma lipoproteins. The fact that retinol circulates instead bound to a different protein, RBP, indicates that the interaction between retinol and RBP must be highly specific. Further characterization of this specific interaction may provide some useful information about lipid-protein interactions in general. By definition, holo-RBP is a lipoprotein, since it consists of a complex between a lipid alcohol (retinol) and a protein (RBP).
Some information is available about the interaction between retinol and RBP. In the first place, it is clear that no covalent linkages are involved in this interaction, since retinol can readily be extracted from RBP by organic solvents. Furthermore, it seems likely that the molecular configuration of retinol is not markedly different when it is bound to RBP, or when it is in solution in organic solvents. This conclusion derives from the spectral observations that: (a) the position of the absorption peak of retinol bound to RBP and in aqueous solution (330 mp) was the same (or nearly the same) as that of retinol in solution in organic solvents; and (b) the molar extinction at 330 mjA of retinol bound to RBP (in aqueous solution) was identical with that of free retinol in solution in benzene. In contrast, a fine dispersion of retinol alone in water displays a broad band of ultraviolet absorption below 320 mp with a lower molar extinction.
RBP isolated from plasma consisted of a mixture of two components, both with a, mobility, but which separated from each other on polyacrylamide gel electrophoresis. The two components had the same amino acid composition, the same molecular size, and identical chromatographic properties. Since the major of these two components contained bound retinol, whereas the other component did not, we tentatively identified these components as representing, respectively, holo-RBP and apo-RBP. The ratio of holo-RBP to apo-RBP in purified RBP preparations was usually about 4 to 1. Since small amounts of proteinbound retinol were lost during the purification procedures, it is likely that much of the apo-RBP found in the purified product arose during the course of the purification. It is, however, also possible that a small amount of apo-RBP is normally present circulating in plasma. Further work will be required in order to answer this question.
The amino acid composition of RBP differs from that of any previously reported plasma protein, including the protein moieties of both the high density, a-lipoprotein, and the low density, ,8-lipoprotein (27) (28) (29) (30) (31) (32) (33) of clefts in the three-dimensional structure of proteins, at their functional centers. Thus, myoglobin contains a cleft in its three-dimensional structure, and the heme prosthetic group resides within this cleft (35) . Lysozyme also contains a cleft in its structure, and the active center of this enzyme lies within this cleft (36) ; similar findings were also recently reported for ribonuclease (37) . On the basis of this information about the structure of proteins and of retinol, we suggest that RBP contains a thin cleft in its tertiary structure, and that the flat retinol molecule resides within the hydrophobic interior of this cleft, with its hydroxyl group at or near the surface of the protein. Furthermore, since retinol has certain "aromatic" characteristics, and since RBP contains an unusually high content of aromatic amino acids, it is possible that the aromatic amino acid residues play an important role in the structure of the retinol-binding cleft, and in the interaction between retinol and RBP.
It was recently reported by Alvsaker, Haugli, and Laland (5) that vitamin A is present in plasma attached to the "tryptophane-rich" prealbumin. In their studies, these workers chromatographed serum on columns of Sephadex G-200 and DEAESephadex and isolated a protein fraction which was fluorescent and which contained both vitamin A and prealbumin. This preparation was thus equivalent to our D preparation, which does indeed contain both prealbumin and RBP. Unfortunately, the conditions of electrophoresis which these workers then employed (pH 4.0 for paper electrophoresis) were unsatisfactory for the separation of prealbumin and RBP, and this led them to the conclusion that the vitamin A in the preparation must be bound to the prealbumin.
The preliminary immunodiffusion experiments reported here demonstrated that RBP did not react with commercial antisera against whole human serum, human serum albumin, prealbumin, ceruloplasmin, or a,-acid glycoprotein. Studies of the immunologic properties of RBP and of the RBPprealbumin complex are in progress.
In plasma, RBP apparently circulates in the form of a complex, together with another, larger protein with prealbumin mobility. In our studies, the protein-protein complex remained intact during Cohn fractionation and chromatography on Sephadex or DEAE-Sephadex columns. The complex dissociated into its two different components, however, during electrophoresis. The dissociation of the complex into separated RBP and prealbumin seemed to be a function of the electric field and not of the supporting medium used for electrophoresis, since the separation of prealbumin and RBP was observed during electrophoresis on polyacrylamide gel, paper, and Pevikon. The complex was again formed, however, by mixing together separated prealbumin and RBP. The size of the complex was estimated to be in the molecular weight range of approximately 80,000-90,000. The ability of prealbumin to complex with RBP was quite limited, since the prealbumin was readily saturated with RBP by increasing the relative amount of RBP in the mixture (Fig. 13) .
From its electrophoretic and immunologic properties, the prealbumin isolated by us, which interacts with RBP, appears to be identical with the so-called "thyroxine-binding" (or "tryptophanerich") prealbumin in human plasma. This protein has been studied by several groups of investigators (21, 34, 38) , particularly with regard to its role as one of the plasma transport proteins for thyroid hormone. The molecular weight of prealbumin has been reported to be 61,000 (34) and 73,000 (21) . This molecular weight range is similar to the molecular weight of the prealbumin isolated by us (as estimated by gel filtration). From the estimated molecular weights of the RBP-prealbumin complex, and of each of its components, it appears that one molecule of prealbumin can interact with one molecule of RBP to form a stable complex. The effect of the RBP-prealbumin interaction on the binding and transport of thyroid hormone by prealbumin remains to be determined. It is, of course, also possible that the prealbumin isolated here which interacts with RBP is very similar to, but not identical with, the prealbumin involved in thyroxine transport in plasma.
Retinol transport in plasma thus involves both a lipid-protein (retinol-RBP) interaction and a protein-protein (RBP-prealbumin) interaction.
Each of these interactions appears to serve an important physiological role. Thus, the interaction of retinol with RBP serves to solubilize the waterinsoluble retinol molecule and to protect the un-stable retinol molecule against chemical degradation. The magnitude of the protective effect is indicated by the fact that retinol (bound to RBP) remains intact in whole plasma kept for several weeks at 4VC, whereas retinol itself is highly unstable and decomposes rapidly in solution in organic solvents when exposed to traces of oxygen or to light. Similarly, the protein-protein interaction clearly serves to protect the RBP molecule, by preventing the glomerular filtration of the relatively small RBP molecule, and hence the loss of RBP in the urine. In addition, it is possible that the interaction of RBP with prealbumin may serve to further stabilize and protect the retinol molecule. Further studies are in progress to explore these questions.
